r Motor neurons are the output neurons of the central nervous system and are responsible for controlling muscle contraction.
Introduction
Motor neurons (MNs) serve as the final stage of neural processing through which motor behaviours are enacted. Therefore, knowledge as to how synaptic inputs are transformed into spiking output by MNs is essential for understanding how the nervous system controls movements. Early studies showed that steady-state firing rates in mammalian MNs increase linearly up to high rates (usually >50-70 impulses s −1 ) with injected current (Kernell, 1965; Granit et al. 1966; Schwindt & Calvin, 1972; Schwindt, 1973; Schwindt & Crill 1982) . Because injected and synaptic currents have been considered to have similar effects on MN firing (Granit et al. 1966; Kernell, 1969 Kernell, , 2006 Kernell & Sjöholm, 1973; Schwindt & Calvin, 1973; Heckman & Binder, 1991; Powers et al. 1992) , MNs have long been thought to generate spikes at rates in proportion to the net excitatory synaptic input received.
However, during the natural activity of MNs, for example, as recorded in human motor units (MUs) during voluntary muscle contraction, a marked non-linearity is evident. As the strength of contraction increases, firing rates of individual MUs initially increase steeply with modest increases in isometric force but then level out at low rates (often <20 impulses s −1 ) even though force (and presumably synaptic drive) continues to increase. Such non-linear firing rate behaviour (also referred to as firing rate saturation) is a common feature of MUs and has been observed in a wide variety of human muscles (e.g. Monster & Chan, 1977; De Luca et al. 1982; Moritz et al. 2005; Bailey et al. 2007; De Luca & Contessa, 2012) .
Recently, we attempted to identify mechanisms that might contribute to this apparent non-linearity between synaptic input and firing rate output. We first explored the possibility that the intensity of synaptic excitation delivered to individual MNs during graded isometric contractions may itself saturate rather than continue to increase (Fuglevand et al. 2015) . We found, however, that augmenting descending excitatory drive to MNs with peripheral excitation mediated by tendon vibration had little effect on the discharge of MUs whose firing rates had already saturated, but robustly increased firing rates of the same units when active at lower rates (Fuglevand et al. 2015) . Those results suggested that firing rate saturation is probably caused by mechanisms intrinsic to MNs.
We next investigated the possibility that a progressive reduction in cell input resistance associated with increased synaptic activity (but not during current injection) might limit the ability of MNs to increase firing rates to high levels. Accordingly, we compared, in the same MNs, maximal firing rates evoked by somatic current injection to that elicited by extracellular micro-ejection of high concentration glutamate (Wakefield et al. 2016) . Despite substantial reduction in input resistance associated with opening of ligand-gated channels during glutamate application, the maximal firing rates achieved through the two methods were not different from one another. Therefore, reduction in input resistance associated with receptor-mediated excitation does not appear to account for the restricted firing rate range of MNs observed during natural synaptic activity.
Another intrinsic mechanism that might contribute to non-linear firing rate responses of MNs during voluntary activity is that associated with activation of persistent inward currents (PICs) (Crone et al. 1988; Hounsgaard et al. 1988; Kiehn & Eken, 1997; Hornby et al. 2002; Heckman et al. 2008; Heckman & Enoka, 2012; Powers, 2012) . PICs are mediated by voltage-activated dendritic channels (Hounsgaard & Kiehn, 1993; Bennett et al. 1998; Carlin et al. 2000) that require monoamine neuromodulators, such as serotonin or noradrenaline (norepinephrine), to be enabled (Crone et al. 1988; Hounsgaard et al. 1988; Miller et al. 1996; Lee & Heckman, 2000; Heckman et al. 2009 ).
When neuromodulation is present, the channels mediating PICs activate near the spike threshold of MNs (Bennett et al. 1998 ). The depolarizing current provided by PICs can be substantial, as much as 3-5 times larger than that provided by synaptic activity alone (Bennett et al. 1998; Lee & Heckman, 1998 . This additional sustained intrinsic current could sum with synaptic currents to yield a sharp rise in total somatic current when a MN is first recruited. This, in turn, might underlie the initial steep rise in firing rate seen in MUs during voluntary ramp contractions (Crone et al. 1988; Hounsgaard et al. 1988; Kiehn & Eken, 1997; Hornby et al. 2002; Heckman et al. 2009 ).
Because PICs can be markedly dampened by inhibitory inputs (Crone et al. 1988; Hounsgaard et al. 1988; Hultborn et al. 2003; Kuo et al. 2003; Hyngstrom et al. 2007; Bui et al. 2008) , increased recurrent inhibition, reciprocal inhibition, and activity of various peripheral receptors (e.g. Golgi tendon organs) associated with increased contraction strength might progressively blunt the contribution of PICs. This, in turn, could lead to a levelling-off of the total somatic current and contribute to the saturation in MU firing rates.
Therefore, to test this idea, we attempted to prevent activation of PICs altogether by artificially activating strong inhibitory inputs to human MNs prior to and throughout ramp contractions to the same force level as produced in the absence of such inhibition. We hypothesized that if the initial steep rise in firing rate were eliminated with added inhibition, then this would support the idea that PICs play a prominent role in shaping firing rate responses of MNs during natural voluntary behaviour.
Methods
Sixteen healthy human subjects participated in 27 experiments to record MU activity from the tibialis anterior (TA) in the presence and absence of cutaneous electrical stimulation intended to deliver inhibition to TA MNs. In accordance with the Declaration of Helsinki, the University of Arizona Internal Review Board approved all experimental procedures and every subject gave informed consent.
Experimental set-up
Subjects were seated comfortably in a dental chair with their right foot secured to a custom-built footplate with Velcro straps. The footplate rotated freely about an axis aligned approximately collinear with the talocrural joint of the ankle. Once the foot was secured, the footplate was rotated such that it held the ankle in near full plantar flexion (ß70 deg plantar flexion from neutral). An isometric force transducer (Grass FT-10, Natus Neurology -Grass, Warwick, RI, USA) was then attached to the distal end of the footplate, which resisted ankle dorsiflexion. Such a plantarflexed position helped minimize contributions of antagonist muscles to detected isometric forces (Fuglevand et al. 2006) .
Electromyography recordings
Sterilized tungsten microelectrodes (Frederick Haer and Co., Bowdoinham, ME, USA; 1-5 μm tip diameter, 5-10 μm uninsulated length, 250 μm shaft diameter, <200 k impedance at 1000 Hz after insertion) were inserted into the belly of TA to record motor unit action potentials. A surface electrode (4 mm diameter, Ag-AgCl) placed over the tibia served as the reference electrode. Intramuscular electromyographic (IEMG) signals were differentially amplified (×1000), band pass filtered (0.3-3 kHz, Grass Instruments), displayed on an oscilloscope and computer monitor, routed to an audio amplifier, and digitized at 25 kHz (Cambridge Electronic Design Ltd, Cambridge, UK). In addition, pairs of surface electrodes (aligned longitudinally, inter-electrode spacing ß5 cm) were placed over TA and over the central region of the triceps surae to monitor general muscle activity of agonists and antagonists, respectively, during dorsiflexion contractions. Surface EMG signals were differentially amplified (×1000), band pass filtered (0.03-1 kHz), displayed on computer monitor, and digitized at 2.5 kHz. The force transducer signal was amplified (×1000), displayed on computer monitor, and digitized at 1 kHz.
Sural nerve stimulation
In order to artificially engage inhibitory inputs to TA MNs, we stimulated the sural nerve with surface electrodes placed on the dorsal and lateral skin regions of the foot. Such stimulation can evoke clear suppression of ongoing TA EMG activity and is sometimes referred to as the cutaneous silent period (CSP) reflex (Floeter, 2003) . The skin on the dorsal and lateral side of the foot and that posterior to the lateral malleolus were gently abraded using conductivity paste applied to gauze pads to decrease skin impedance. Current pulses (0.5 ms duration) generated by an isolated, constant current stimulator (Multichannel Systems, Reutlingen, Germany) were delivered through the skin to the sural nerve field by a hand-held bipolar electrode (Dantec, Natus Neurology, Middleton, WI, USA) consisting of two saline-soaked felt pads (2 cm inter-electrode spacing, cathode proximal). Initially, the position of the stimulating electrode was adjusted while delivering low frequency, medium amplitude pulses (1 Hz, 3 mA) to identify the location that elicited the strongest sensation in skin of the foot as reported by the subject. The electrode was then secured in place with surgical tape. The stimulus current associated with perceptual threshold was then determined by delivering current pulses (1 Hz) that incremented from 0 mA in 0.1 mA steps until the subject first reported an evoked sensation.
Experimental protocol
Prior to placement of intramuscular electrodes and siting of the stimulating electrode, subjects performed three maximum voluntary contractions (MVCs) involving ankle dorsiflexion. For this task, custom-built heavy-duty springs were inserted into the housing of the Grass FT-10 force transducer (sensitivity 0.072 mV kg −1 ). The peak force achieved by the subject during any contraction was defined as their MVC.
After the stimulating electrode was placed, subjects then maintained a weak contraction of ß5% MVC while incrementing stimulus pulses (0.1 mA steps, 1 Hz) were delivered to the sural nerve beginning at perceptual threshold intensity. Each stimulus triggered a 200 ms sweep of a storage oscilloscope displaying the TA surface EMG signal. Stimulus intensity was increased until activation of the CSP reflex was clearly observed as a near-complete silencing of the EMG signal at a latency of ß60-80 ms and lasting for ß40 ms. Once a CSP reflex was observed, we then delivered 60 stimuli (1 Hz) at the stimulus intensity associated with the CSP reflex while the subject maintained a weak contraction in order to evaluate the stability of the reflex. If a clear CSP was not observed even in response to the highest stimulus intensity available (15 mA), then the stimulating electrode was moved to a new location and the procedure was repeated. If after a few attempts a CSP reflex could not be evoked, the experimental session was terminated because we could not be confident that stimulation would cause significant inhibition of the TA MN pool.
If a site that elicited a CSP reflex was identified, then subjects performed a number of practice trials involving the production of triangularly shaped force trajectories. For this task, the springs in the FT-10 force transducer were replaced with those allowing more sensitive measures of force (0.65 mV kg −1 ). Subjects were provided with an online template to guide force production. The target trajectory had a symmetric rate of rise and fall of force of 0.75% MVC s −1 . The peak force was adjustable but typically was set at ß4-8% MVC.
The microelectrode was then inserted into the TA and the position of the electrode manually adjusted while the subject exerted weak isometric contractions until clear MU action potentials could be discerned. Peak force for the ensuing experimental trials was then established based on the MU recruitment threshold as well as the clarity of the MU recording.
Subjects then performed a series of the triangular force contractions, usually four to five control contractions interleaved with four to five contractions during which repetitive sural nerve stimulation was delivered. At least 10 s elapsed between successive contractions in a series. Stimulation involved repetitive stimuli at 25 Hz using a stimulus intensity associated with the CSP reflex. At this frequency, a stimulus pulse was delivered every 40 ms, similar to the duration of inhibition arising during a CSP reflex. As such, the stimulation sequence should have led to a roughly continuous period of inhibition during the contraction. Stimulation was instigated just prior to and continued throughout the duration of the designated triangular contractions. After each series of contractions, subjects were given a few minutes of rest. The microelectrode position was then adjusted (which sometimes involved removal of the electrode and reinsertion at a new site) in order to sample from presumed different MUs and the procedures involving triangular contractions were repeated. Experimental sessions lasted no longer than 2 h.
Data analysis
In off-line analysis, MU action potentials were identified in the IEMG signals using a template-matching algorithm (Spike2, Cambridge Electronics Design). For each triangular contraction, instantaneous firing rates were calculated from the identified spike times of a MU. A five-point moving average was then applied to the firing rate data to highlight the main trends. Force and firing rate data from each triangular contraction were then separated into two phases: that associated with the ascending phase and that associated with the descending force phase. Previously, we have shown that force and firing rate data for individual MUs during graded increases in isometric force are typically best fitted as a saturating function in the form of a rising exponential (Fuglevand et al. 2015) . As such, we first fitted each phase of force-firing rate data for each trial with an equation of that form:
where R(F) represents the rate (R) of spiking as a function of muscle force (F), R max is the maximum rate of spiking, e is the base of the natural logarithms, F is normalized isometric force, F th is the threshold force at which a unit begins to discharge, and R min is the minimum rate of spiking at recruitment threshold. The parameter φ is a force constant that represents the amount of force increase associated with a 63% increase in firing rate. We also fitted firing rate-force data for each phase of each trial with a linear function using linear regression. We then tested the hypothesis that the exponential (i.e. saturating) function provided a significantly better fit of firing rate data than the linear function. To do this, the sum of squared errors (SSE) associated with the exponential fit was compared to that of linear regression using the F statistic while taking into account differences in the number of parameters used to fit the data. The firing rate profile for each phase of a trial was then designated as exponential only if the F statistic indicated a significant (P < 0.05) improvement in fit over linear regression. Otherwise, the firing rate relation was deemed to be linear. If neither linear nor exponential regression provided a significant fit of the data, then no designation was applied to the firing rate profile.
For each MU, we then tallied the total number of trials best fitted by each function for each of the conditions (ascending control trials, descending control trials, ascending stimulation trials, descending stimulation trials). If the majority of trials for a given condition were best fitted by the exponential function, then MU firing was designated as exponential. Likewise, if the majority of trials were deemed to be linear, then the MUs firing for that condition were classified as linear. If equal numbers of trials were designated exponential and linear for a given condition, then that situation was designated as a tie.
Our main hypothesis was that for the ascending phase, a significant proportion of MUs have exponential firing rate-force profiles under control conditions and linear firing rate-force profiles during stimulation. To evaluate this hypothesis, the number of MUs designated as exponential relative to the total number of MUs were compared to the null prediction of a 0.5 probability using the binomial statistical test. The binomial test was also applied for the descending phases of control and stimulation conditions. Paired t tests were used to compare features of the force profiles (rate of force rise, rate of force descent, peak force) for control and stimulation conditions to determine whether task performance changed across conditions. The level of statistical significance was set at P < 0.05 and data are presented as means ± standard deviation.
Results
While we carried out 27 experiments on 16 subjects, we were only able to elicit clear CSP reflexes in four subjects. We suspect that the main reason for this low yield was that CSP reflex threshold was higher in most subjects than the maximum capacity of our stimulator. For the four subjects (ages 24-52 years, 2 male, 2 female), the current amplitude associated with perceptual threshold of stimulation was 1.0 ± 0.4 mA, and that used to elicit the CSP reflex was 11.2 ± 3.4 mA. Despite the low number of subjects, we were able to successfully follow the activities of 27 MUs during control and sural nerve stimulation trials across six experimental sessions. The data presented here are from those 27 MUs.
The numbers of MUs contributed per subject (and associated number of experimental sessions) were: 7 (2 sessions), 13 (2 sessions), 4 (1 session), and 3 (1 session), for each subject, respectively. The average number of triangular contractions analysed per MU was 4.4 ± 1.9 for the control condition and 3.1 ± 1.5 for the stimulation condition. The main reason for the lower number of trials involving stimulation was the inability in some cases to clearly identify MU potentials during stimulation because of excessive stimulus artifacts. In all cases where discrimination was possible, linear and/or exponential regression provided a significant fit to the force-firing rate data. Figure 1 shows an example of a CSP reflex elicited in one subject. The subject maintained a low level of dorsiflexion force (ß5% MVC) while 60 stimuli (11 mA, 0.5 ms duration, 1 Hz) were delivered to the sural nerve. Figure 1A shows an overlay of all 60 TA surface EMG traces triggered on stimulation (time 0 ms indicates time of stimulus delivery). Approximately 100 ms following the stimulus and for an ensuing period of about 40 ms, there was a near complete cessation of EMG activity. Figure 1B depicts the associated stimulus-triggered average of rectified EMG recorded during these 60 stimuli. From this trace, it is evident that inhibition of TA EMG began about 75 ms following the stimulus and persisted for a total duration of about 70 ms. Figure 2 shows a segment of an example run of trials involving triangular ramp contractions during which sural nerve stimulation was applied on the second and fourth trials. For trials without stimulation (first and third), the motor unit exhibited a saturating firing rate profile with firing rate increasing steeply at the outset of activity and then levelling off before peak force (indicated by the dashed vertical line). On the descending limb of these triangular ramp contractions, firing rate decreased steadily as force declined. There was little detectable EMG activity in the triceps surae (the antagonist) during trials with or without stimulation.
Firing rate responses were somewhat different during sural nerve stimulation (second and fourth trials, Fig. 2) . First, discharge variability seemed to increase during the stimulation trials. This partly may be related to errors associated with the increased difficulty to identify motor unit potentials amongst the prominent stimulus artifacts during these trials. However, stimulus artifacts had a distinctive waveform (red traces, in insets, Fig. 2 ) that we were usually able to distinguish and separate from the motor unit potentials (black traces in insets, Fig. 2 ). As such, we believe that much of the increased discharge variability in Fig. 2 was probably a physiological consequence of the sural nerve stimulation.
During stimulation, firing rate (although noisy) appeared to increase relatively gradually with increasing force and to peak at about the same time force reached a peak (second and fourth trials, Fig. 2 ). As such, the firing rate profiles during stimulation appeared to be more symmetric (relative to peak force) than during trials without sural nerve stimulation.
The degree of fluctuations in force during the stimulation trials (Fig. 2) was greater than that occurring during trials without stimulation. This may partly have been due to the increased noisiness of the motor unit discharge during stimulation but may also be related to a tendency to activate higher threshold (and stronger) motor units during such cutaneous stimulation (Kanda et al. 1977; Stephens et al. 1978; Garnett & Stephens, 1981; cf. Clark et al. 1993) . In addition, the degree of synchronized spiking may have increased in response to inhibitory input (Turker & Powers, 2001 ) that, in turn, may have contributed to increased force fluctuations (Yao et al. 2000) . and without (1st and 3rd) superimposed sural nerve stimulation. Traces from bottom to top: stimuli (8 mA, 0.5 ms duration, 25 Hz) delivered to sural nerve field, intramuscular EMG (IEMG), discriminated motor unit potentials, instantaneous motor unit firing rate (dots), and dorsiflexion force. A 1-s moving average of the instantaneous firing rate is displayed as a continuous trace on the rate plot. During stimulation (2nd and 4th trials), stimulus artifacts dominate the IEMG signal thereby obscuring underlying motor unit potentials when viewed with this long time base. Insets show all identified potentials for the target motor superimposed (black traces) for each trial and stimulus artifacts (red traces) during stimulation trials. Overall, firing rate profile was more symmetric with respect to force during stimulation trials compared to trials without stimulation. [Colour figure can be viewed at wileyonlinelibrary.com] Despite the increased fluctuations, subjects nevertheless performed the ramp contractions reasonably well during sural nerve stimulation. Overall, the average rate of rise of force (control 0.70 ± 0.14% MVC s −1 , stimulation 0.71 ± 0.14% MVC s −1 , P = 0.52, paired t test) and peak force (control 5.7 ± 1.1% MVC, stimulation 6.4 ± 2.4% MVC, P = 0.12, Wilcoxon signed rank test) were not different between the two conditions. The rate of force decline, however, was significantly steeper during the stimulation trials (control −0.72 ± 0.19% MVC s −1 , stimulation −0.86 ± 0.27% MVC s −1 , P = 0.020, Wilcoxon signed rank test). Interestingly, all four subjects reported an increased sense of effort associated with performance of the triangular contractions during sural nerve stimulation. Such increased sense of effort may reflect increased descending excitatory drive, and associated increased intensity of corollary discharge (McCloskey, 1981) , needed to overcome the tonic inhibition acting on tibialis anterior MNs during sural nerve stimulation. Figure 3 shows an example of the firing rate of a motor unit plotted as a function of isometric force without stimulation (control, Fig. 3A ) and during sural nerve stimulation (Fig. 3B) . These data are taken from the last two trials shown in Fig. 2 . In each case, firing rates associated with the ascending phase of the triangular ramp contractions are shown in red whereas firing rates during the descending phases are shown in black. For the rising phase of the control situation (Fig. 3A) , while linear regression was significant (r 2 = 0.48, SSE = 111.5, P < 0.001), the exponential fit (r 2 = 0.52, SSE = 104, P < 0.0001, force constant = 0.14% MVC) was significantly better (F ratio = 6.7, P = 0.011). As such the rising phase of the control contraction was designated as exponential (red trace, Fig. 3A) . The falling phase of the control trial, however, was best fitted with a linear function (r 2 = 0.88, P < 0.001, slope = 1.1 impulses (imp) s −1 (% MVC) −1 , y-intercept = 4.9 imp s −1 ) and is shown as a black trace in Fig. 3A .
During sural nerve stimulation (Fig. 3B) , the firing rate of this motor unit during the rising phase was now best fitted with a linear function (r 2 = 0.74, slope = 1.2 imp s (% MVC) −1 , y-intercept = 4.7 imp s −1 , P < 0.001). As such, sural nerve stimulation changed the firing rate response of this unit during the rising phase from a saturating profile to a linear one whereas the descending phase remained linear during control and stimulation conditions.
The firing rate profiles for all 27 MUs recorded in this study were generally consistent with that shown for the unit in Fig. 3 . During the ascending phase of the control contractions, 25/27 MUs (93%) had exponential firing rate profiles (Fig. 4A, P < 0. 
0001, binomial test).
This finding is nearly identical to that reported previously for a population of 136 human biceps brachii MUs (Fuglevand et al. 2015) . In contrast, during the ascending phase of contractions involving sural nerve stimulation, the proportion of MUs with firing rate profiles best fitted by exponential functions (11/23) was similar to that designated as linear (9/23) and not significantly different from that expected by chance (Fig. 4A , P = 0.50, binomial test). There were fewer MUs identified during stimulation because stimulus artifacts prevented clear identification of MU potentials during the contraction in a few cases. For the descending phase, the majority of MUs were best fitted by linear functions for both control (23/27) and stimulation (21/23) conditions (Fig. 4B , P = 0.0002 for control condition, P < 0.001 for stimulation, binomial tests). Because sural nerve stimulation did not entirely eliminate cases of ascending spike trains best fitted by rising exponentials, we also investigated whether stimulation affected the shape of the rising exponential. The force constant, φ, from eqn (1), provides a measure of the curvature of the rising exponential. A small force constant indicates that the curve rises more steeply (i.e. smaller change in force associated with 63% of maximum firing rate) whereas a larger force constant indicates that the curve has a more gradual slope. We analysed the force constants of the rising phases of only those MUs best fitted by rising exponentials during stimulation (n = 11 MUs) and compared those values to their average force constants in the absence of stimulation. During stimulation, there was a significant increase in the magnitude of the force constant φ for these MUs (control 0.64 ± 0.19% MVC, stimulation 1.72 ± 1.51% MVC, P = 0.007, paired t test) indicating that sural nerve stimulation tended to flatten the rate of rise of firing rate with increased force.
Other aspects of MU activity that might have been affected by sural nerve stimulation are thresholds of recruitment and derecruitment. For the MU depicted in Fig. 3 , for example, recruitment force decreased from about 3% MVC (red trace, Fig. 3A) to about 1.5% MVC (red trace, Fig. 3B ) with stimulation. This effect, however, was not consistent across all MUs. Figure 5A shows the recruitment force for all 27 MUs in the control condition and during sural nerve stimulation. While several MUs showed a decrease in recruitment threshold with stimulation (like that in Fig. 3 ), many showed an increase, including substantial increases in five MUs. The reason for this marked shift in recruitment threshold for these units was not clear but may partially be related to reversals in recruitment order that can occur during cutaneous stimulation (Kanda et al. 1977; Stephens et al. 1978; Garnett & Stephens, 1981) . Nevertheless, because of the high degree of variability, there was no significant difference (P = 0.13, Wilcoxon signed rank test) in recruitment threshold force between control (1.7 ± 1.2% MVC) and stimulation conditions (2.9 ± 3.7% MVC).
Interestingly, derecruitment thresholds ( Fig. 5B ) were significantly higher (P < 0.001, Wilcoxon signed rank test) in the stimulation condition (2.4 ± 1.5% MVC) compared to control (1.6 ± 1.1% MVC). Within conditions, there were no significant differences between recruitment and derecruitment forces for the control condition (P = 0.75) or for the stimulation condition (P = 0.32). With stimulation, five MUs exhibited a relatively large increase in recruitment force, whereas recruitment force decreased in several others. Overall, there was no significant (ns) change in recruitment force with sural nerve stimulation. B, derecruitment force was modestly higher for several MUs during sural nerve stimulation. Overall there was a significant ( * P < 0.001) increase in force at which units were derecruited during sural nerve stimulation.
Discussion
Here we have shown that during the ascending phase of weak isometric contractions, the relationship between firing rate and force for most tibialis anterior MUs is best represented as a saturating (i.e. rising exponential) function. This finding is similar to that reported for a variety of human muscles (Bracchi et al. 1966; Monster & Chan, 1977; De Luca et al. 1982; Kiehn & Eken, 1997; McGill et al. 2005; Moritz et al. 2005; Bailey et al. 2007; Mottram et al. 2009 Mottram et al. , 2014 De Luca & Contessa, 2012; Fuglevand et al. 2015) . Such firing rate saturation is also clearly evident in soleus motor units of decerebrate cat during slow muscle stretch (Grillner & Udo, 1971) . We have shown here that artificial activation of an inhibitory pathway during the performance of voluntary contractions transformed force-firing rate relations for the ascending phase from sharply rising exponentials to linear functions or to ones with less steeply rising exponentials.
In addition, we also have shown the relationship between firing rate and force during the descending phase of voluntary contractions to be linear for the majority of MUs studied. While differences in firing rate profiles between ascending and descending phases of voluntary contractions are evident in number of published records (e.g. Kiehn & Eken, 1997; Heckman et al. 2005; Mottram et al. 2009 Mottram et al. , 2014 Udina et al. 2010) , we are unaware of previous studies that have quantified this difference. Furthermore, this dissimilarity implies that the processes shaping MN activity and regulating force production differ in fundamental ways during these two phases. Below we consider how PICs might contribute differentially to the control of MN activity during the ascending and descending phases of voluntary contractions following a brief discussion of some limitations of the present study.
Limitations
The most significant limitation of the present study was the low number of subjects in whom we could clearly demonstrate inhibition of the TA using sural nerve stimulation. We believe that this was primarily a consequence of the limited output capacity of our stimulator. As a result, the number of MUs whose activities we studied in the presence and absence of sural nerve-mediated synaptic inhibition was modest.
Another limitation was an inbuilt order effect in the stimulation procedures. Stimulation always began with the ascending phase and then continued into the descending phase. Therefore, the differential effects of stimulation on firing rate patterns in ascending and descending phases might have been due to some diminution in the efficacy of the inhibitory reflex in the latter portions of the triangular ramp contractions. The cutaneous silent period reflex, however, appears to exhibit little habituation (Uncini et al. 1991 ) and as such, it seems possible that subjects would have received relatively constant levels of inhibition, although there was no way to test this directly.
A third limitation of the present study is that we examined firing rate responses only of low-threshold MUs and for weak forces. This is a long-standing shortcoming associated with single microelectrode recording of extracellular potentials as used here. With increased intensity of muscle contraction (and activation of higher-threshold motor units), the number of units whose activities are detected by the electrode increases and that, in turn, hinders the ability to follow reliably the spiking of individual motor units. New multi-electrode methods (Lapatki et al. 2004; Nawab et al. 2010) involving novel sorting algorithms (Holobar et al. 2014 ) will need to be used in future studies to determine whether high-threshold motor units respond similarly to the low-threshold units studied here.
Possible mechanisms
Based on our experiments, it is not possible to draw definitive conclusions as to the mechanisms underlying (1) the change of firing rate behaviour from saturating toward linear with sural nerve stimulation or (2) differences in firing rate profiles between ascending and descending phases of contractions. Nevertheless, previous findings using reduced preparations provide crucial insights as to how interaction between synaptic inputs and intrinsic properties of MNs (and in particular, PICs) might partially account for some of the present observations. Figure 6 depicts schematically a simplified representation of such interactions.
In this scheme, the effective synaptic current (green trace, Isyn, Fig. 6A ) arriving at the soma and spike-initiating zone of a MN from excitatory synaptic sources is considered to increase linearly during the ascending phase of a contraction. Because synaptic inputs tend to be broadly distributed across a motor nucleus (Mendell & Henneman, 1971; Brown & Fyffe, 1978; Lawrence et al. 1985; Mantel & Lemon, 1987) , it is assumed that similar synaptic currents (I syn ) would be imposed simultaneously across most members of the MN pool. Furthermore, computer models have shown isometric muscle force to be a near-linear function of this distributed excitatory synaptic current over most of the force range (Heckman & Binder, 1991; Fuglevand et al. 1993) .
It is also assumed, based on experimental work of Bennett and colleagues (1998) , that PICs become activated near the threshold (I th , Fig. 6A ) for activation of spiking conductances. Furthermore, such PICs engage abruptly and more or less fully even during gradually increasing synaptic excitation (Bennett et al. 1998 ). The additional current provided by the PIC (blue trace, I pic , Fig. 6A ) can be substantial, perhaps even larger than that furnished by synaptic drive alone (Bennett et al. 1998; Lee & Heckman, J Physiol 595.1 1998 . Because PICs are mediated by voltage-gated conductances, and because membrane depolarization depends in part on neuron-specific properties (such as overall input resistance, which varies widely across a MN pool), activation of PICs should occur more or less separately in each MN (Fuglevand et al. 2015) . This extra, sustained current would then sum with synaptic currents to yield a sharply rising total somatic current (red trace, I total , Fig. 6A ) when a MN is initially activated. Because MN firing rate is known to follow total somatic current in a near-linear way (Granit et al. 1963 (Granit et al. , 1966 Kernell, 1965) , the precipitous increase in total somatic current should A, during an ascending contraction, excitatory synaptic current (I syn , green trace) that reaches soma (and spike-initiating zone) is assumed to increase linearly. At recruitment threshold (I th ) of the neuron, a PIC is rapidly activated (I PIC , blue trace). The total somatic current (I total = I syn + I PIC , red trace) will therefore exhibit an initial steep rise at recruitment threshold that could contribute to an initial sharp increase in motor unit firing rate. Increasing synaptic inhibition (I in , black trace) with increased intensity of muscle contraction might reduce I PIC (curved arrow) and thereby lead to a levelling off of I total and contribute to saturation in motor unit firing rate. B, in the presence of sustained, strong synaptic inhibition (I in ) mediated by sural nerve stimulation, PICs may be prevented from activating. In such a case, I total may increase linearly and in direct proportion to I syn . The total excitatory synaptic current (I syn ) needed to bring the neuron to threshold, however, would need to be higher than in the control case in order to offset the sustained inhibitory current.
[Colour figure can be viewed at wileyonlinelibrary.com] underlie a steep rise in firing rate as seen in MUs during ascending contractions. Now, if during the ascending contraction, inhibitory inputs originating from peripheral receptors (via interposed interneurons) and Renshaw cells also increased (downward-going black trace, I in , Fig. 6A ), then this might reduce the magnitude or deactivate PICs altogether (curved arrow, Fig. 6A ) (Crone et al. 1988; Hounsgaard et al. 1988; Hultborn et al. 2003; Kuo et al. 2003; Hyngstrom et al. 2007; Bui et al. 2008) . In addition, PIC magnitudes may naturally decay over time even in the absence of inhibition (Hounsgaard & Kiehn, 1989; Lee & Heckman, 1998; Li & Bennett, 2003) . Collectively, this could lead to a levelling-off of the total somatic current and contribute to saturation in MU firing rates seen experimentally. Furthermore, such quenching of PICs during the ascending phase would mean that MN activity during the subsequent descending phase would be primarily regulated by synaptic inputs -a scenario more likely to be associated with linear firing rate responses.
In the experiments performed here, we artificially delivered synaptic inhibition to tibialis anterior MNs just prior to and throughout a triangular ramp contraction under the premise that this might prevent full expression of PICs. In such a case, and in the context of the scheme depicted in Fig. 6B , the total somatic current (I total ) would be the sum of the voluntarily delivered synaptic current (I syn ) and the artificially engaged synaptic inhibition (I in , Fig. 6B ; other forms of naturally occurring synaptic inhibition are not shown for simplicity). In order to overcome the negative current bias provided by the sustained, artificial synaptic inhibition, more excitatory synaptic current would need to be delivered to bring MNs to threshold. Such an increased excitatory synaptic drive (mainly arising from descending pathways) to achieve the same recruitment outcome might partly underlie the increased sense of effort experienced by subjects during ramp contractions in the presence of sural nerve stimulation. Also, the absence of the sizable depolarizing current normally provided by PICs might necessitate additional voluntary synaptic drive, and further contribute to enhanced sense of effort. Moreover, under such conditions involving sustained inhibition, the I total (Fig. 6B ) current might increase more or less linearly, which should be reflected in a more linearized firing rate response, as was generally observed in the present experiments.
An important question, however, relates to why PICs would not eventually activate during sustained inhibition when synaptic excitation is sufficiently strong to bring the MN to or above spiking threshold (as in Fig. 6B ). It would seem that once the net dendritic membrane potential exceeds the activation threshold for PICs, then PICs should be ignited. Surprisingly, however, there is some evidence to suggest this does not occur. For example, Bennett et al. (1998) showed that PIC-mediated plateau potentials were not instigated in cat MNs during strong synaptic inhibition even though current injected into the soma depolarized the membrane well beyond that associated with activation of plateau potentials in the absence of inhibition. Likewise, in simulation studies of MNs involving realistic dendritic distributions of PIC conductances and synapses, Bui and colleagues (2006) showed that when a relatively small proportion of inhibitory synapses were tonically activated, the abrupt increase in somatic current associated with PIC activation was nearly abolished despite synaptic excitation reaching maximum levels. Bui et al. (2006) did not discuss why PICs were not activated in the presence of inhibition. One possibility is that local (dendritic) decreases in input resistance associated with synaptic inhibition might markedly increase the extent of synaptic excitation needed to depolarize the dendritic membrane sufficiently to activate PICs. This possibility, and others, however, remain to be evaluated.
Collectively, our results here seem consistent with the scheme outlined in Fig. 6 , such that PICs, in combination with time-varying synaptic inhibition and excitation (Berg et al. 2007; Heckman et al. 2008; Powers et al. 2012) shape the firing rate responses of motor units during naturally occurring voluntary contractions. Certainly, this idea requires additional experimental work to evaluate its validity. Furthermore, it leaves unanswered a number of important questions, including the functional significance (and necessity) of such complex processes for activating motor neurons, and the degree to which other neurons in the CNS use similar processes.
